Introduction {#s01}
============

Eukaryotic cells are constantly exposed to DNA damage that can arise from exogenous and endogenous sources ([@bib43]; [@bib4]; [@bib28]). Among the plethora of different lesions that can be generated on the DNA molecules, double-strand breaks (DSBs) are among the most dangerous type of damage because if they are not successfully repaired, they can lead to chromosomal rearrangements ([@bib55]; [@bib30]). The DNA damage response (DDR) is a complex signaling cascade that is activated by DSBs that are exogenously generated by ionizing radiation or by chemicals and programmed DSBs that happen in well-defined locations in the genome, such as in meiosis or at the immunoglobulin class-switch recombination (CSR) locus ([@bib14]).

The main hallmark of the DDR is the phosphorylated form of the histone variant H2AX on serine 139 (γH2AX) deposited by the activated ATM kinase ([@bib59]). Two main DNA repair subpathways exist: nonhomologous end joining (NHEJ) and homologous recombination (HR). Although the former ligates the extremities of the two broken ends and can often leave deletions at the site of the break, HR restores in a faithful way the genetic information at the site and in the vicinity of the break using the homologous chromatid as a template for repair, thus being by definition error free. HR takes place in S and G2 phases of the cell cycle ([@bib53]), given the availability of the sister chromatids to be used as a template, whereas NHEJ can be active throughout the cell cycle. For HR to occur, the key step is the production of a 3′ single-stranded DNA (ssDNA) end through the process of resection ([@bib44]) that depends on specific cell cycle--regulated proteins ([@bib29]; [@bib17]; [@bib66]).

The transcription and export complex-2 (TREX-2) complex is involved in mRNA export ([@bib19], [@bib20]; [@bib33]; [@bib18]; [@bib69],[@bib70]; [@bib65]). The human TREX-2 complex is composed of five subunits, germinal center--associated nuclear protein (GANP), ENY2, PCID2, Centrin2/3, and DSS1 (which in yeast are Sac3, Sus1, Thp1, Cdc31, and Sem1, respectively). Moreover, it has recently been shown that hTREX-2 stably associates with the nuclear pore complex (NPC) and that this interaction is crucial for its role in mRNA export ([@bib65]).

The Spt--Ada--Gcn5 acetyltransferase (SAGA) coactivator complex and the TREX-2 complex are evolutionarily conserved among eukaryotes. SAGA is composed of 19 subunits organized in several functional modules with different activities and roles ([@bib35]). The histone acetyltransferase module of SAGA is required at gene promoters to induce acetylation of Lysine (K) 9 of histone H3 (H3K9ac) and H3K14. This activity is catalyzed by the GCN5 enzyme ([@bib26]). The deubiquitination module (DUBm) of SAGA is required to remove monoubiquitin from K120 of human H2B (H2Bub1) in gene bodies ([@bib24]; [@bib61]; [@bib27]). These activities are required for the transcription of all active genes in both yeast (y) and human (h) cells ([@bib8]; [@bib3]). In human cells, monoubiquitination of histone H2B is deposited by RNF20 and RNF40 ([@bib75]) and deubiquitinated by SAGA ([@bib24]; [@bib61]; [@bib27]). Interestingly, H2B in mammalian cells was found to be monoubiquitinated in response to DNA damage and is necessary for efficient DSB repair ([@bib50]; [@bib52]). Moreover, recent studies have highlighted the importance of the DUB module of SAGA during CSR in mouse B cells ([@bib56]; [@bib39]).

TREX-2 and SAGA share one subunit, ySus1/hENY2 ([@bib58]). In TREX-2, ySus1/hENY2 binds to the scaffold protein ySac3/hGANP in two copies ([@bib31]). In SAGA, hENY2 binds to ATXN7L3, and together with ATXN7 and the DUB enzyme, USP22, forms the DUBm ([@bib74]; [@bib36]). Moreover, in human cells, ENY2 and ATXN7L3 form alternative DUBm complexes with the deubiquitinating enzymes USP27X, or USP51, which are both 70--80% identical to USP22. These alternative DUBm members lack ATXN7 and thus do not associate with SAGA. Nevertheless, they can deubiquitinate H2Bub1 in vitro and in vivo ([@bib1]). It has been shown that the knockdown (KD) of ENY2 destabilizes hGANP in TREX-2 and ATXN7L3 in the SAGA DUBm ([@bib65]; [@bib40]). Moreover, the activity of the SAGA DUBm and the above-mentioned alternative DUB modules strictly require the adaptors ENY2 and ATXN7L3 for their activity ([@bib1]). For simplicity, hereafter the three SAGA-related DUBm-s will be called DUBm-s.

In yeast, the physical and functional interaction between TREX-2 and SAGA complexes was described and was suggested to connect ongoing transcription with the NPC for immediate RNA export in a process called gene gating ([@bib6]; [@bib58]; [@bib10]; [@bib12]; [@bib54]; [@bib23]). Destroying this connection at the export level has been shown to induce genome instability as yTREX-2 and yNucleoporins (Nup) mutants but not ySAGA mutants show hyperrecombination phenotype ([@bib21]; [@bib22]; [@bib60]; [@bib25]).

In mammalian cells, the involvement of Nups and associated proteins in the DDR has not been connected with RNA export or transcription defects ([@bib37]; [@bib15]; [@bib46]). Moreover, the interplay of mammalian TREX-2 or the SAGA DUBm has not been studied in the context of DNA repair.

In this study, we have investigated the role of TREX-2/GANP and the SAGA DUBm and related DUBm-s in DSB repair. We find that loss of the scaffold subunit of TREX-2 (GANP) results in DNA repair deficiency by HR. This GANP-dependent HR defect is accompanied by decreased resection and is mediated by down-regulation of H2Bub1 levels. In contrast, down-regulation of the DUB activities (by KD of either ENY2 or ATXN7L3) results in up-regulation of HR efficiency and a parallel increase in H2Bub1 levels. Interestingly, concomitant depletion of TREX-2 and the DUB activity restores the HR pathway along with RAD51 recruitment to DNA damage sites, and this results in normal H2Bub1 levels upon DNA damage. These results together demonstrate a functional cross-talk between human TREX-2 and the USP22-related DUBm-s that are important for correct DSB repair during HR.

Results {#s02}
=======

Depletion of the TREX-2 scaffold protein GANP affects the efficiency of DNA repair {#s03}
----------------------------------------------------------------------------------

To investigate the role of the TREX-2 complex in genome stability in mammalian cells, we performed clonogenic survival assay in HeLa cells treated with the radiomimetic drug phleomycin in combination with siRNA-mediated KD of GANP. Interestingly, cells depleted of GANP displayed a significant increase in sensitivity to all concentrations of the drug compared with control cells ([Fig. 1 A](#fig1){ref-type="fig"}). This result suggests a GANP-dependent defect in either the activation of DDR or repair of DSBs. The efficient GANP depletion by siRNA was monitored by Western blot ([Fig. 1 B](#fig1){ref-type="fig"}). Moreover, GANP depletion leads to substantially elevated γH2AX levels ([Fig. 1, B and C](#fig1){ref-type="fig"}).

![**Depletion of GANP affects DNA repair without affecting the activation of the DDR. (A)** Clonogenic survival assay in HeLa cells depleted of GANP and control cells treated with increasing concentration of phleomycin. The graph represents the average of three independent experiments with three technical replicates each, where the number of colonies for each concentration was normalized to the respective untreated condition. Statistical significance was calculated using the Mann--Whitney test (ns, P \> 0.05; \*, P ≤ 0.05; \*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001). **(B)** Western blot analysis of GANP and γH2Ax of RIPA extracts obtained from GANP-depleted cells and control cells. Numbers indicate γH2Ax levels quantified using ImageJ using γTubulin as loading control. **(C)** Graph represents the average of γH2Ax levels quantified using ImageJ in three independent experiments (*n* = 3). **(D)** DNA damage measured with the neutral comet assay of GANP-depleted cells and control cells. The number of breaks are represented in tail moment as the tail length normalized to the percentage of DNA in the tail. Graph represents the average of two independent experiments with *n* ≥ 100 cells. Error bars represent SEM. **(E and F)** High-throughput screening performed to investigate the effect of GANP KD in DNA repair in HeLa cells. Graphs represent the percentage of positive cells for γH2AX intensity (E) and 53BP1 foci (F) compared with the nontreated (NT) cells. The x axis shows the corresponding siRNA used. Two different siRNAs for GANP were used (siGANP1 and siGANP2); unless otherwise specified in all the other experiments siGANP2 was used and is labeled siGANP. Black and gray boxes represent untreated cells (NO DRUG), and the time (in hours) of recovery after NCS treatment at 50 ng/ml for 15 min. A positive cell is defined as a cell having γH2AX intensity or number of 53BP1 foci higher than an arbitrary threshold defined on the 5% of nontreated cells. Graphs represent the average of two independent experiments, each of them performed in three technical replicates, with SD. Per each condition, *n* \> 1,000 cells. Statistical significance was calculated using the ANOVA (\*, P ≤ 0.05; \*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001). **(G)** Western blot analysis of total cell lysate obtained by RIPA extraction from cells treated with GANP siRNA and control cells. Hours represent the time of repair after NCS treatment. For details about statistical analysis, refer to the Statistical analysis section of Materials and methods. siCTRL, control siRNA; siNTarg, nontargeting siRNA (see [Table 1](#tbl1){ref-type="table"}).](JCB_201803074_Fig1){#fig1}

To test whether GANP depletion induces spontaneous DNA damage, we performed a COMET assay on GANP-depleted cells in the absence of drug. Interestingly, GANP depletion leads to increased comet tails that are indicative of increased DNA breaks ([Fig. 1 D](#fig1){ref-type="fig"}), further supporting the notion that GANP is key in maintaining genome stability as its absence leads to persistent DNA breaks in the absence of damaging agents.

To further investigate the role of GANP/TREX-2 in repairing DSBs, we monitored the kinetics of repair in HeLa and human telomerase reverse transcriptase (hTERT)-immortalized RPE1 control cells or cells depleted for GANP after DNA damage induction. We treated the cells with the antitumoral antibiotic neocarzinostatin (NCS), which creates ssDNA and dsDNA breaks, and we followed the appearance and disappearance of γH2AX foci and accumulation of the key DDR regulator 53BP1. As positive controls in our assay, we used depletion of XRCC4, involved in the last steps of NHEJ ([@bib42]), and depletion of the oncogene SET ([@bib32]). As expected, cells treated with control siRNA showed a progressive reduction of both DDR marks (γH2AX and 53BP1) at 8 and 16 h of repair ([Fig. 1, E and F](#fig1){ref-type="fig"}). However, KD of GANP delayed the disappearance of both γH2AX and 53BP1 foci after 8 and 16 h of repair in HeLa and RPE1 cells, equivalent to the delay observed upon depletion of XRCC4 and SET ([Fig. 1, E and F](#fig1){ref-type="fig"}; and Fig. S1 A).

Next, we analyzed whether the depletion of GANP would affect the DDR activation in NCS-treated cells. Our analyses show that in cells depleted for GANP, the initial recruitment of 53BP1 was not affected ([Fig. 1 F](#fig1){ref-type="fig"}), and activation of ATM, monitored by its autophosphorylation on Ser1981 or by the phosphorylation of its substrate KAP1, was comparable with control cells ([Fig. 1 G](#fig1){ref-type="fig"}). Interestingly, however, we find that in GANP-depleted cells phospho-ATM and γH2AX were persistent 8 h after NCS treatment, suggesting that GANP is involved in repair of exogenously inflicted DNA breaks ([Fig. 1 G](#fig1){ref-type="fig"}). As a consequence, GANP-depleted cells were also more sensitive to NCS, compared with controls (Fig. S1 B).

Because GANP/TREX-2 was shown to be located mainly at the inner side of the NPC ([@bib65]), we wondered whether the remaining unrepaired breaks were accumulated at the periphery of the nucleus or were equally distributed between periphery and inner nucleus. Analysis of the raw intensity data for γH2AX showed no shift in the distribution of γH2AX in the two compartments between GANP-depleted cells and control cells or cells depleted of XRCC4, suggesting a more global effect (Fig. S1, C and D). These results suggest that although TREX-2 is predominantly localized at the nuclear pores, it has a rather global role in DSB repair.

Depletion of GANP/TREX-2 affects the efficiency of HR {#s04}
-----------------------------------------------------

DSBs are repaired by two main repair pathways: NHEJ and HR. We showed that depletion of GANP results in unrepaired persistent breaks throughout the nucleus without affecting the early activation of the DDR, suggesting the involvement of GANP in repair. Thus, we next analyzed the involvement of GANP in the two main repair pathways. To assess the rate of HR, we used a U2OS cell line stably integrating a DR-GFP reporter ([@bib48]; [@bib68]), and to analyze NHEJ, the GCV6 human fibroblast cell line in which the coding frame between a GFP construct and the promoter is restored after the removal of a 34-bp sequence and subsequent rejoining of the two ends by NHEJ ([@bib57]). Interestingly, depletion of GANP reduced the efficiency of HR by 60% ([Fig. 2 A](#fig2){ref-type="fig"}). The reduced HR efficiency in GANP-depleted cells was almost as strong as that caused by the depletion of RAD51, a key player in homology-directed repair ([Fig. 2 A](#fig2){ref-type="fig"}; [@bib64]). To investigate whether a reduced HR efficiency could also be reflected by increased sensitivity to HR-inducing drugs, we performed clonogenic survival assay using camptothecin and mitomycin C (MMC) that induce DNA lesions in S-phase or lesions that rely in the activation of HR for repair, respectively ([@bib45]). GANP-depleted cells were consistently more sensitive to camptothecin and MMC, confirming the result obtained in the DR-GFP assay ([Fig. 2, B and C](#fig2){ref-type="fig"}). HR-deficient cells are generally more sensitive to PARP inhibitors; thus we investigated the response of GANP-depleted cells to the PARP-inhibitor Olaparib. In good agreement, GANP-depleted cells were significantly more sensitive to Olaparib compared with controls ([Fig. 2 D](#fig2){ref-type="fig"}). HR is the preferred pathway in S and G2 phases of the cell cycle; thus a possible effect on cell cycle progression could explain the dramatic effect observed on HR efficiency. To verify this possibility, we analyzed cell cycle progression by either propidium iodide incorporation in U2OS cells or EdU incorporation in HeLa cells under GANP KD conditions. We did not observe any significant effect on cell cycle in both cellular systems depleted of GANP (Fig. S1, E and F), and GANP depletion did not affect RAD51 protein levels (Fig. S1 G). In contrast with the role of GANP in HR, we did not detect a significant change in NHEJ after GANP depletion ([Fig. 2 E](#fig2){ref-type="fig"}). These experiments together show that GANP is required for promoting HR.

![**Depletion of GANP affects the efficiency of HR. (A)** HR efficiency in GANP-depleted cells and control cells. The frequency of HR-mediated repair is analyzed by flow cytometry as the percentage of GFP-positive cells (see Materials and methods). Graph represents the merge of three independent experiments with SD (*n* = 3). RAD51 siRNA was used as a positive control for reduction of HR efficiency. Statistical significance was calculated using ANOVA (\*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001). **(B--D)** Clonogenic survival assay of HeLa cells depleted of GANP and control cells treated with increasing concentration of camptothecin (B), MMC (C), and Olaparib (D). Graphs represent the average of three independent experiments with three technical replicates each, where the number of colonies per each concentration was normalized to the respective untreated condition. Error bars represent SEM. Statistical significance was calculated using the Mann--Whitney test (ns, P \> 0.05; \*, P ≤ 0.05; \*\*, P ≤ 0.01). **(E)** NHEJ efficiency in control cells and cells depleted of GANP. The frequency of NHEJ-mediated repair was analyzed by flow cytometry as the percentage of GFP-positive cells (see Materials and methods). Graph represents the mean of four independent experiments with error bars indicating SD. For details about statistical analysis, refer to the Statistical analysis section of Materials and methods. NT, nontreated cells; siCTRL, control siRNA; siNTarg, nontargeting siRNA (see [Table 1](#tbl1){ref-type="table"}).](JCB_201803074_Fig2){#fig2}

Resection is decreased in the absence of GANP/TREX-2 {#s05}
----------------------------------------------------

To dissect the steps of HR that are affected by GANP depletion and test whether the above HR defect is accompanied by a decreased end resection, we analyzed the recruitment of proteins involved in this process. To this end, we used U2OS cells stably integrating an ISceI site flanked by the Lac operator (LacO) array and stably expressing the LAC repressor (LacI) fused to GFP that allows visualization of the locus ([@bib38]). Addition of doxycycline (dox) enables the expression of the ISceI enzyme and the induction of a single DSB at the lacO locus. Using microscopy, we analyzed the recruitment of a series of factors known to be involved in resection or which serve as markers of resection in human cells such as BRCA1, phospho-RPA, CtBP-interacting protein (CtIP), and RAD51 ([@bib13]). In agreement with our above results, depletion of GANP dramatically reduced recruitment of BRCA1, phosphorylation of RPA at different phosphorylation sites (serine 4/8 and serine 33), and recruitment of RAD51, compared with control cells ([Fig. 3, A--D](#fig3){ref-type="fig"}; see Fig. S2 \[A--D\] for representative images). BRCA1 in association with CtIP and the Mre11--Rad50--Nbs1 complex forms the BRCA1 C complex that is required for the early steps of resection ([@bib72]; [@bib73]). Thus, we also analyzed recruitment of CtIP to further investigate whether HR is affected at the initial stages of resection. Recruitment of CtIP was also affected in GANP-depleted cells, suggesting a defect in resection initiation ([Figs. 3 E](#fig3){ref-type="fig"} and S2 E). However, GANP depletion did not affect recruitment of the early DDR factor 53BP1 ([Fig. 3 F](#fig3){ref-type="fig"}). Efficient induction of breaks was monitored by γH2AX (Fig. S2, F and G). The defect in resection was also confirmed by the defective formation of RAD51 and RPA foci in HeLa cells treated with NCS and depleted of GANP with two different siRNAs ([Fig. 3, G and H](#fig3){ref-type="fig"}; and Fig. S2, H and I). As observed before, there was no difference in 53BP1 recruitment (Fig. S2 L) between GANP-depleted and control cells. All these experiments together indicate that GANP/TREX-2 is required for efficient HR, and that the recruitment of resection factors to DSBs and DNA-end resection is impaired in the absence of GANP.

![**Resection is impaired in GANP-depleted cells. (A--F)** Graphs represent time course of the percentage of colocalization of resection factors with the LacO array after dox addition in U2OS 19 ptight 13 cells stably expressing GFP-LacI ([@bib38]). Cells were depleted of GANP or treated with control siRNA 48 h before dox addition at a final concentration of 1 µg/ml. Values represent the merge of at least three independent experiments with *n* ≥ 50 cells per condition. Error bars represent SD. Statistical significance was calculated using *t* test (ns, P \> 0.05; \*, P ≤ 0.05; \*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001). ND, no dox. **(G)** Representative images of HeLa cells stained with DAPI (in blue) and RAD51 (in red). Hours represent the time of repair after NCS treatment for 15 min at 50 ng/ml. Bars, 5 µm. **(H)** Graphs represent the percentage of cells showing more than five RAD51 foci of four independent experiments with SD. For each experiment, 10 pictures were acquired using confocal microscope with more than 100 cells per condition. Statistical significance was calculated using the *t* test (\*\*, P ≤ 0.01). For details about statistical analysis, refer to Statistical analysis paragraph in Materials and methods. NT, nontreated; siNTarg, nontargeting siRNA (see [Table 1](#tbl1){ref-type="table"}).](JCB_201803074_Fig3){#fig3}

ENY2 and ATXN7L3 are required to avoid unscheduled HR {#s06}
-----------------------------------------------------

To further investigate the role of the human TREX-2 complex in genome stability, we tested whether depletion of another subunit of the complex would have the same effect on DNA repair. To this aim, we depleted ENY2 that associates with GANP in two copies ([@bib31]). Surprisingly, in contrast with GANP depletion ([Fig. 2 A](#fig2){ref-type="fig"}), which decreases HR efficiency by about threefold, siRNA depletion of ENY2 with three different siRNAs increased HR efficiency twofold as monitored by the DR-GFP assay ([Figs. 4 A](#fig4){ref-type="fig"} and S2 M). Consistently with the significant increase in the HR efficiency, clonogenic survival assay in HeLa cell performed after ENY2 depletion showed an increased resistance of cells to camptothecin and MMC compared with control cells ([Fig. 4, B and C](#fig4){ref-type="fig"}), without affecting cell cycle progression (Fig. S3 A). These experiments suggest that ENY2 plays the opposite role compared with GANP and thus seems to be required to suppress HR.

![**ENY2 and ATXN7L3 are required to avoid unscheduled HR. (A and E)** Frequency of HR-mediated repair in either ENY2- (A) or ATXN7L3 (E)-depleted cells. Analysis was performed as described in [Fig. 2 A](#fig2){ref-type="fig"}. Graphs represent the average of three independent experiments with error bars indicating SD. Statistical significance was calculated using ANOVA (\*, P ≤ 0.05; \*\*, P ≤ 0.01). **(B and C)** Clonogenic survival assay of HeLa cells depleted of ENY2 and control cells treated with increasing concentration of camptothecin (B) and MMC (C). The graph represents the average of three independent experiments with three technical replicates each, where the number of colonies per each concentration was normalized to the respective untreated condition. Error bars represent SEM. Statistical significance was calculated using the Mann--Whitney test (ns, P \> 0.05; \*, P ≤ 0.05). These experiments were performed in parallel with the experiments in [Fig. 2 (B--D)](#fig2){ref-type="fig"}; thus, the control is the same. **(D)** High-throughput screening was performed to investigate the effect of ENY2 KD in DNA repair in HeLa cells (for details, refer to [Fig. 1 E](#fig1){ref-type="fig"}). Statistical significance was calculated using ANOVA (\*, P ≤ 0.05; \*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001). Three different siRNAs against ENY2 were used. Error bars represent SEM. Unless otherwise specified, in all other experiments, siENY2_2 was used and is labeled siENY2. For details about statistical analysis, refer to Statistical analysis paragraph in Materials and methods. NT, nontreated; siCTRL, control siRNA; siNTarg, nontargeting siRNA; siSCR, scrambled siRNA (see [Table 1](#tbl1){ref-type="table"}).](JCB_201803074_Fig4){#fig4}

To understand whether breaks are efficiently repaired in the absence of ENY2, we analyzed the kinetics of repair in asynchronous HeLa and RPE1 cells treated with NCS using γH2AX as a marker. ENY2-depleted cells displayed persistent γH2AX at 16 h after damage induction compared with control cells ([Figs. 4 C](#fig4){ref-type="fig"} and S3 B). Moreover, ENY2-depleted cells, although being more resistant to camptothecin and MMC (S and G2 phase--specific damage), were more sensitive to DSBs induced with phleomycin compared with control cells (Fig. S3 C). These results suggest that the down-regulation of ENY2 creates conditions that would favor HR in an unscheduled way being potentially deleterious for the cells.

Interestingly, ENY2 and GANP depletion have opposite effects on DNA repair by HR. ENY2 is an integral component of TREX-2 and several USP22-related DUBm-s (see Introduction). To investigate whether the role of ENY2 in suppressing HR can be ascribed to the DUBm-s or to TREX-2, we performed the DR-GFP assay in cells depleted of another key subunit of the DUBm-s, ATXN7L3. ATXN7L3 depletion had the same effect as depletion of ENY2, suggesting that ENY2 suppresses HR as component of the USP22-related DUB modules ([Fig. 4 E](#fig4){ref-type="fig"}; see also [Fig. 4 A](#fig4){ref-type="fig"}). These experiments suggest that hTREX-2 and the USP22-related DUB modules play opposite roles in the DNA repair process.

TREX-2 depletion affects the global cellular levels of H2Bub1 {#s07}
-------------------------------------------------------------

The USP22-related DUB modules are involved in the removal of monoubiquitin from H2Bub1. Although the recruitment of RNF20/40 catalyzing the formation of H2Bub1 after DNA damage has been studied ([@bib50]; [@bib52]; [@bib63]), little is known about the importance of H2Bub1 deubiquitination and the balance between histone H2B and H2Bub1 in the response to DNA damage. As formation of H2Bub1 is important for homology-directed repair ([@bib52]), an extreme increase in H2Bub1 levels upon DUB depletion could explain unscheduled HR. Therefore, we wondered whether the opposite effects of TREX-2 and DUBm-s in homology-directed repair could be caused by different effects on H2Bub1 levels. We analyzed H2Bub1 levels in HeLa cells depleted of either GANP or ENY2. Interestingly, GANP-depleted cells showed decreased global H2Bub1 ([Figs. 5 A](#fig5){ref-type="fig"} and S3 D). However, cells lacking ENY2 showed increased levels of H2Bub1 as a consequence of the disruption of the DUB modules ([Figs. 5 A](#fig5){ref-type="fig"} and S3 D; see Introduction), further substantiating the opposite effects of GANP and ENY2 seen in the HR assay. Next, we treated cells with increasing concentrations of NCS. As shown previously ([@bib50]), the levels of H2Bub1 increased upon DNA damage in a NCS concentration--dependent manner (Fig. S3 E). In GANP-depleted cells, however, there is a minor increase at the level of H2Bub1 upon DNA damage compared with control cells ([Fig. 5, B and D](#fig5){ref-type="fig"}; and Fig. S3, F and G). ENY2-depleted cells, however, had elevated H2Bub1 levels even in the absence of DNA damage ([Fig. 5, A and B](#fig5){ref-type="fig"}; and Fig. S3 F). These results suggest that the opposite effects observed on the HR/DDR might be caused by the inverse influences of GANP in TREX-2, or ENY2 in the USP22-related DUBm-s on the histone H2Bub1 mark.

![**GANP/TREX-2 affects HR through H2Bub1. (A--D and G)** Western blot assays of total cell lysate (RIPA) or histone extracts (ACIDIC) in cells treated with indicated siRNAs. Membranes were blotted with depicted antibodies. For specific antibodies used, see [Table 2](#tbl2){ref-type="table"}. **(E and F)** Graphs represent time course of the percentage of colocalization of RAD51 with the LacO array (as described in [Fig. 3](#fig3){ref-type="fig"}) in siGANP conditions and codepletion of GANP and ENY2 (E) or GANP and ATXN7L3 (F). Values represent the merge of at least three independent experiments with *n* ≥ 50 cells per condition. Error bars represent SD. Statistical significance was calculated using ANOVA (ns, P \> 0.05; \*, P ≤ 0.05; \*\*, P ≤ 0.01). Note that for clearer WB detection, GANP, ENY2, and γH2AX were not always detected on the same membranes due to either very large size differences (GANP and ENY2) or to very small size differences (ENY2 and γH2AX). ND, no dox; siNTarg, nontargeting siRNA (see [Table 1](#tbl1){ref-type="table"}).](JCB_201803074_Fig5){#fig5}

TREX-2 is required to avoid excessive H2Bub1 deubiquitination by the USP22-related DUB modules in response to DNA damage {#s08}
------------------------------------------------------------------------------------------------------------------------

To investigate whether the observed decrease in H2Bub1 levels upon GANP depletion are the result of an increased DUB activity, we tested whether the concomitant depletion of the three USP22-related DUBm-s through ENY2 KD or ATXN7L3 KD would restore normal H2Bub1 levels. The codepletion of GANP and ENY2 or GANP and ATXN7L3 restored normal H2Bub1 levels compared with H2Bub1 levels in mock-siRNA-treated undamaged or damaged cells ([Fig. 5, C, D, and G](#fig5){ref-type="fig"}; and Fig. S3, G and H). These results together suggest that the TREX-2 complex can negatively regulate the deubiquitination of H2Bub1 and that if destabilized through GANP depletion, the activity of the DUB modules is enhanced. To further understand whether the negative effect of TREX-2 on H2Bub1 levels is important in DNA repair by HR, we analyzed the recruitment of RAD51 at the ISceI site in cells either depleted of GANP alone or codepleted of either GANP and ENY2 or GANP and ATXN7L3. Depletion of GANP alone dramatically reduced the number of cells recruiting RAD51 to the LacO array after IsceI cleavage ([Figs. 3 D](#fig3){ref-type="fig"} and [5, E and F](#fig5){ref-type="fig"}). However, the additional depletion of ENY2 completely rescued the defect to control levels ([Fig. 5 E](#fig5){ref-type="fig"}), as did the depletion of ATXN7L3 ([Fig. 5 F](#fig5){ref-type="fig"}). Efficiency of double KD was monitored by RNA levels (Fig. S4, A and B). Because we were able to restore RAD51 recruitment at a single DSB, we wondered whether double depletion of GANP and the DUB module by depletion of either ENY2 or ATXN7L3 would also restore the sensitivity of GANP-depleted cells to HR-inducing drugs. Double KD of GANP and the DUB module subunits ENY2 or ATXN7L3 restored the cells' sensitivity to both MMC and Olaparib (Fig. S4, C and D). Given the established role of SAGA in transcription elongation, we ruled out that the observed phenotypes would be due to a reduced level of key repair genes by analyzing their mRNAs and protein levels in control cells and cells depleted of GANP or ENY2 (Fig. S4, E and F). These results together indicate that TREX-2 integrity is required to avoid excessive H2Bub1 deubiquitination in response to DNA damage and that the misregulation of H2Bub1 global levels has an impact on HR.

TREX-2-DUB interplay is required to regulate H2Bub1 levels at damaged site {#s09}
--------------------------------------------------------------------------

To understand whether the KD of GANP/TREX-2 and the DUBm-s affect H2Bub1 balance at damaged sites, we took advantage of the DSB Inducible via ASISI (DIvA) system in which the ASISI restriction enzyme is integrated in U2OS cells and its nuclear translocation can be induced with 4-OH-tamoxifen ([@bib47]; [@bib11]). This allows the rapid induction of ∼150 DSBs in the human genome at specific locations. Moreover, chromatin immunoprecipitation (IP; ChIP) analyses of HR and NHEJ specific factors showed a difference in the repair pathway for distinct DSBs accordingly to the chromatin landscape, allowing differentiation between HR-prone sites and NHEJ-prone sites ([@bib2]).

Using this system, we analyzed the presence of H2Bub1 by ChIP followed by quantitative PCR (qPCR) at a subset of damaged sites before and after cut induction. Efficient induction of breaks was monitored by γH2AX ChIP ([Fig. 6 A](#fig6){ref-type="fig"}) and by immunofluorescence using γH2AX- and 53BP1-specific antibodies (Fig. S4 G). Our anti-H2Bub1 ChIP-qPCR showed a modest increase of H2Bub1 at damaged sites after ASISI cut in control cells ([Fig. 6 B](#fig6){ref-type="fig"}) that was variable, depending on the analyzed sites. Interestingly, we could monitor an increase in H2Bub1 at HR-prone DSBs, whereas we did not detect a significant change in NHEJ-prone sites. However, in GANP-depleted cells, we did not detect any significant H2Bub1 at any of the analyzed sites ([Fig. 6 B](#fig6){ref-type="fig"}, red bars) before and after damage. In contrast, in ENY2-depleted cells H2Bub1 induction after damage was increased compared with control cells ([Fig. 6 B](#fig6){ref-type="fig"}, blue bars), and it was detected even at NHEJ-prone sites ([Fig. 6 B](#fig6){ref-type="fig"}, DSB1). Interestingly, in ENY2-depleted cells, we did not detect increased H2Bub1 levels at these specific ASISI sites before damage induction compared with control cells (not depicted; ChIP values were similar to no-antibody controls), suggesting that the DUBm-s are not operating at these regions before damage. These results suggest that TREX-2 and the SAGA-DUB are required to maintain balanced histone H2Bub1 levels at damaged sites.

![**GANP/TREX2 and DUBs are required to maintain regulated H2Bub1 levels at damaged sites. (A and B)** ChIP-qPCR analysis of γH2AX (A) and H2Bub1 (B) at ASISI sites in U2OS cells with and without 4-OH tamoxifen addition (see symbols on the x axes). The specific sites analyzed are shown below x axes and are differentiated in HR-prone and NHEJ-prone sites ([@bib2]). The y axes represent the fold enrichment compared with vehicle-treated cells. Before normalization with vehicle-treated samples the percentage of input was calculated and normalized to the no-antibody control. Graphs represent the average of technical qPCR duplicates of one representative experiments out of two biological replicates (*n* = 2), which gave comparable results. Error bars represent SD. siNTarg, nontargeting siRNA (see [Table 1](#tbl1){ref-type="table"}).](JCB_201803074_Fig6){#fig6}

Discussion {#s10}
==========

In this study, we have described a new functional interaction of the TREX-2 complex with the SAGA-related DUBm-s in DNA repair in human cells. Importantly, our results indicate that the TREX-2 scaffold subunit GANP is required for efficient DSB repair in human cells as GANP-depleted cells accumulate unrepaired breaks as indicated by increased γH2AX signal and comet tail moment, as well as having increased sensitivity to genotoxic agents. In good agreement, a previous study in human cells analyzing the role of PCID2 and DSS1, two other TREX-2 subunits, showed that depletion of PCID2, or DSS1, also causes DNA break accumulation as indicated by an increase in γH2AX staining and comet-tail moment ([@bib5]).

In this study, we further show that depletion of GANP/TREX-2 particularly affects the HR pathway. A prerequisite for HR is the production of a 3′ ssDNA overhang in the process known as resection, which will invade the homologous duplex through RAD51. Consistent with a decrease in HR efficiency, GANP-depleted human cells (HeLa and U2OS) are defective in the early stages of resection and subsequently in RAD51 loading both at the IsceI-induced break and genome wide ([Fig. 4, D, G, and H](#fig4){ref-type="fig"}). Our data are in accordance with previous research in chicken B cells, where it was shown that GANP stimulates HR ([@bib16]). Note, however, that GANP was also shown to suppress hyperrecombination in mouse cells ([@bib71]), suggesting that GANP/TREX-2 might have different roles depending on the origin of the cells studied.

The association of human GANP with the NPC depends on basket nucleoporins NUP153 and TPR ([@bib65]). Recent studies described a role for these nucleoporins in DDR, affecting primarily the nuclear import of 53BP1 and its sumoylation ([@bib37]; [@bib49]; [@bib15]; [@bib46]). However, we did not detect (a) any 53BP1 import defects in the absence of GANP/TREX-2 ([Fig. 1 F](#fig1){ref-type="fig"}), (b) any defects in the recruitment of 53BP1 at the Isce I--induced break ([Fig. 3 F](#fig3){ref-type="fig"}), or (c) defects in genome wide formation of 53BP1 foci upon NCS treatment (Fig. S2 L). Thus, the role of GANP/TREX-2 in global DNA repair is likely independent from its interaction with basket nucleoporins. Moreover, we did not detect specific accumulation of unrepaired breaks at the nuclear periphery (Fig. S1, C and D), further suggesting that TREX-2 acts through an NPC-independent mechanism.

Interestingly, the GANP/TREX-2 depletion reduced H2Bub1 levels under either steady-state or damage conditions. The facts that GANP/TREX-2 does not have any known E2/E3 ubiquitin ligase activity and that the DUB module of SAGA is the major DUB responsible for the removal of ubiquitin from H2Bub1 in mouse ES cells ([@bib8]) suggest that GANP/TREX-2 might affect histone H2Bub1 levels and consequently DNA repair by affecting the activity of the SAGA DUB module and potentially its related DUB modules with which it shares the ENY2 subunit.

Depletion of the ENY2 alone surprisingly not only does not recapitulate GANP/TREX-2 effect on HR, but it has the opposite effect by stimulating HR efficiency. We ascribed this effect to the functions of the DUBm-s because depletion of ATXN7L3 also increased HR efficiency to the same extent ([Fig. 4, A and E](#fig4){ref-type="fig"}). Monoubiquitination of H2B by RNF20/40 E3 ubiquitin ligase happens in response to DNA damage in human cells and is required for recruitment of HR factors ([@bib50]; [@bib52]). Thus, our results are in good accordance with the data showing that depletion of RNF20/40 induces a decrease in HR efficiency and resection ([@bib50]; [@bib52]), resulting in the opposite phenotype than the DUBm-deficient cells.

Two recent studies also demonstrated that deubiquitination of histone H2Bub1 impacts the early stages of the DDR and is required for DNA repair ([@bib56]; [@bib39]). Interestingly, these studies described that the SAGA DUB module is required for optimal irradiation-induced γH2AX formation in CSR in mouse B cells by promoting NHEJ. In our study, we did not detect defects in global γH2AX formation at radiomimetic drug-induced DSBs after depletion of the DUB module subunit ENY2. These contrasting results may be explained by a scenario in which the H2Bub1 histone mark regulates repair differently in distinct species and/or in different genomic loci such as immunoglobulin switch regions. Note that we did not investigate the role of the USP22 KD given the presence of at least two alternative DUB enzymes in human cells (see Introduction; [@bib1]). However, depletion of the DUBm adaptors ENY2 and/or ATXN7L3 would eliminate the activity of all the USP22-related DUBm-s (independently of the cellular expression levels of the three related USPs). Thus, ENY2 and/or ATXN7L3 depletion will affect all histone H2Bub1 deubiquitination activities ([@bib1]).

We hypothesize that GANP/TREX-2 regulates HR through controlling the DUB module activity because we were able to rescue H2Bub1 global levels, RAD51 recruitment at the ISceI-induced break, and the sensitivity to HR-inducing drugs of GANP-deficient cells by further abolishing the DUBm functions through additional ENY2 or ATXN7L3 depletion ([Figs. 5](#fig5){ref-type="fig"} and S4, C and D). Moreover, although KD of the DUB module generates a global H2Bub1 increase that is damage independent, it is also important to mention that at specific chromatin locations (i.e., ASISI sites) we detected an excess of H2Bub1 levels in ENY2-depleted cells only after damage induction. This suggests different roles for the DUB module; a transcription-related role that reflects changes in transcription of all active genes ([@bib8]), and a repair-related role demonstrated by a specific increase in H2Bub1 at damaged sites in ENY2-depleted cells. Nevertheless, our results confirm that H2B/H2Bub1 balance is important for HR-mediated repair and show that H2B/H2Bub1 balance is controlled by a regulated interplay between TREX-2 and SAGA DUB subunits ENY2 and ATXN7L3 ([Fig. 7](#fig7){ref-type="fig"}). How the H2Bub1 mark regulates repair is not clear. It was speculated that the HR impairment in RNF20-depleted cells was dependent on a defect in chromatin relaxation ascribed to the H2Bub1-dependent methylation of H3K4 ([@bib52]). However, in a second study, H3K4 methylation was maintained unaltered in RNF20 KD, and accumulation of H3K4me was not observed at damaged sites ([@bib50]). Although a defect in chromatin relaxation was speculated in both studies, it cannot be excluded that H2Bub1 mark would be necessary for the direct recruitment of specific DNA repair factors to break sites.

![**Model.** In steady-state conditions (WT), TREX-2 and SAGA DUB share the ENY2 subunit, and H2B/H2Bub1 balance is maintained. Under GANP KD conditions, newly synthesized ENY2 is redistributed to the DUB, and this contributes to increase removal of ubiquitin from H2Bub1, and consequently HR is impaired. Under ENY2 KD conditions, the DUB module is destabilized, and this contributes to increase H2Bub1 levels, and consequently unscheduled HR.](JCB_201803074_Fig7){#fig7}

In yeast, physical interactions between TREX-2 and SAGA have been described ([@bib58]; [@bib34]); nevertheless, such interactions have not been detected in *Drosophila melanogaster* ([@bib67]) and mammalian cells ([@bib65]). It is conceivable, however, that in mammalian cells TREX-2 and SAGA DUB also interact in a more dynamic and less stable manner that could be more difficult to detect in different metazoan cell extracts. It seems that the interaction between TREX-2 and the DUB modules can fine-tune DUB activity. It has been shown that the DUB module of SAGA exists in metazoan cells without incorporating in SAGA ([@bib51]; [@bib41]) and that additional related DUBm-s exist, all able to deubiquitinate H2Bub1 ([@bib1]). Moreover, the SAGA DUB module was suggested to have SAGA-independent functions ([@bib41]). Thus, the regulatory interplay between TREX-2 and the different DUB modules may not necessarily involve the SAGA complex. The fact that the NPC-associated TREX-2 complex regulates the activity of the nucleoplasmic DUB modules might also suggest that a nucleoplasmic pool of TREX-2 exists. Nevertheless, future investigations will be needed to understand the exact mechanism through which TREX-2 can control the DUB activity and consequently DNA repair.

A similar regulatory interplay has been already described, showing that cytoplasmic ATXN7L3B, which is encoded by a pseudogene that arose from the retrotransposition of *ATXN7L3*, may regulate the nuclear function of SAGA DUB module and H2Bub1 levels through competition for ENY2 binding ([@bib40]). Thus, it seems that the different ENY2-containing complexes---TREX-2, the SAGA DUB, the different SAGA-independent DUB modules, and the cytoplasmic ATXN7L3B/ENY2 association---may all have important regulatory functions to achieve well-balanced H2B/H2Bub1 levels that are required for efficient DNA repair and HR. These different complexes may compete with each other for ENY2 and thus, depending on the availability of ENY2 for TREX-2 or the DUB modules, regulate H2Bub1 levels. How exactly neosynthesized ENY2 is distributed in the different complexes by distinct assembly pathways need to be further investigated.

Materials and methods {#s11}
=====================

Cell lines, NCS treatment, and transfections {#s12}
--------------------------------------------

HeLa cells (human cervix adenocarcinoma) and U2OS cells (human bone osteosarcoma) were cultured in 1 g/liter DMEM supplemented with 5% and 10% FCS, respectively. hTERT-RPE1 cells (epithelial cells immortalized with hTERT) were cultured in DMEM/F12 supplemented with 10% FCS. These cells were purchased from ATCC. U2OS 19 ptight 13 GFP-LacI ([@bib38]) were cultured in DMEM 4.5 g/liter phenol-red free supplemented with 10% tet-free FCS. While in culture, cells were maintained in medium containing 2 mM IPTG to avoid GFP-LacI binding to the array. During the experiment, before siRNA treatment, cells were plated in medium without IPTG. U2OS DR-GFP Cherry-IsceI-GR cells were cultured in 1 g/liter phenol red--free DMEM. GCV6 cells were cultured in 1 g/liter DMEM supplemented with 10% FCS. U2OS DIvA ([@bib47]; [@bib11]) were cultured in 1 g/liter phenol red--free DMEM supplemented with 5% tet-free FCS. For NCS treatments, cells were treated with 50 ng/ml (for immunofluorescence) or 150--250 ng/ml (for Western blot analysis) NCS (N9162; Sigma-Aldrich) for 15 min. Medium was refreshed, and cells were allowed to repair for indicated times before fixation or protein extraction. For high-throughput screening in HeLa and hTERT RPE1 cells, siRNAs were transfected in 96-well plates with 25 nM siRNA per well (4,000 cells plated per well) using 5 µl Interferin (Polyplus-transfection) diluted 1/20. For all other experiments and cell lines, indicated siRNAs were transfected using Lipofectamine 2000 (Thermo Fisher Scientific) following the manufacturer's instructions. For high-throughput screening, two different siRNAs for GANP (individually and pool of the two) and three different siRNAs from ENY2 (individually and pool of the three) were used to transfect cells in 96-well plates (5 pmol siRNA was transfected in each well). For all the other experiments, siGANP2 was used (referred as siGANP) and siENY2_2 was used (referred as siENY2). For siRNAs sequences and references, see [Table 1](#tbl1){ref-type="table"}.

###### List of siRNAs used

  siRNA       Sequence (5′--3′)       Reference
  ----------- ----------------------- --------------------------------------------------------
  siCTRL      `GAGAGGUCCAAAGUCAAUA`   siGANPc; [@bib69]
  siGANP1     `GAGAGGACCUAAGUCAAUA`   [@bib69]
  siGANP2     `AGCUUGCAGUGGUACAUUU`   [@bib69]
  siSCR       `GUUAACGAUAAUUAGAUAA`   5′-GUUAACGAUAAUUAGAUAA-3′ purchased from Sigma-Aldrich
  siENY2_1    `AGAGCAGCGAUUAACCAAA`   Ambion (s32449)
  siENY2_2    `GUAAAGAGGUAAUUAAAGA`   Ambion (s32447)
  siENY2_3    `AGAGCUAAAUUAAUUGAAU`   Ambion (s226899)
  siXRCC4     `GAAUCCACCUUGUUUCUGA`   GE Healthcare, siGenome, Smart Pool (M-004494-02-0020)
              `GAGAAUCAGCUUCAAGAAA`   
              `UGACCGAGAUCCAGUCUAU`   
              `GAACCCAGUAUAACUCAUU`   
  siSET       NA                      GE Healthcare, on-TARGETplus (L-019586-00-0005)
  siNTarg     `UGGUUUACAUGUCGACUAA`   GE Healthcare, ON-TARGET plus, (D-001810-10-20)
              `UGGUUUACAUGUUGUGUGA`   
              `UGGUUUACAUGUUUUCUGA`   
              `UGGUUUACAUGUUUUCCUA`   
  siRAD51     `CAGGGUAAUCACUAAUCA`    Ambion (s11735)
  siATXN7L3   NA                      Thermo Fisher Scientific (271960)

NA, not available.

Clonogenic survival assay {#s13}
-------------------------

HeLa cells were transfected with indicated siRNAs, and 48 h after transfection, cells were counted and seeded in triplicates in six-well plates (500 cells per well). The day after, cells were treated with indicated concentration of the following drugs: phleomycin (Sigma-Aldrich; 1-h treatment), camptothecin (C9911; Euromedex; 1-h treatment), MMC (Sigma-Aldrich; EMD Millipore; 16-h treatment), Olaparib (SC-302017; Santa Cruz Biotechnology), and NCS (N9162; Sigma-Aldrich; 15-min treatment). For phleomycin, camptothecin, and MMC, medium was refreshed and cells were then cultured for 10 d. Treatment with Olaparib was maintained for the whole experiment. Colonies were stained with 0.1% crystal violet and counted using Fiji (ImageJ; National Institutes of Health).

DR-GFP assays {#s14}
-------------

For HR efficiencies, U2OS DR-GFP Cherry-IsceI-GR cells ([@bib62]) were transfected with the indicated siRNA, and 24 h later, triamcinolone acetonide was added to allow translocation of Cherry-IsceI-GR into the nucleus for 48 h. For NHEJ efficiency, GCV6 cell line ([@bib57]) bearing the GFP-based substrates was used. Cells were first transfected with the indicated siRNAs, and 48 h later, they were transfected with HA-I-SceI expression vector (pCBASce) using jetPei (Polyplus) following manufacturer's instructions. GFP intensities were measured by FACS and analyzed using FlowJo software (TreeStar).

Immunofluorescence {#s15}
------------------

Genome-wide recruitment of RPA, RAD51, and 53BP1 was assessed in HeLa cells plated in 24-well plates on round cover glasses (VWR). Recruitment of DNA repair factors at a single IsceI cut site was assessed in U2OS 19 ptight 13 GFP-LacI cells. Immunofluorescence was performed equally in both cell lines. At the decided time point, cells were washed carefully with PBS 1×. Cells stained for RAD51 and RPA were treated with preextraction buffer (0.5% Triton X-100, 50 mM Hepes, pH 7, 150 mM NaCl, 10 mM EGTA, and 2 mM MgCl~2~) for 10 s before fixation with 4% PFA (Electron Microscopy Science) for 10 min at RT. Cells stained for other factors were fixed with PFA immediately after washing. After fixation, cells were washed with 1× PBS, permeabilized with sterile 0.3% Triton X-100 in PBS for 10 min at RT, and blocked with sterile 5% BSA for 1 h. Primary antibodies were added for 1 h in 1× 0.01% BSA/PBS at RT, and cells were washed and stained with secondary fluorescent antibodies. For primary antibodies, see [Table 2](#tbl2){ref-type="table"}. All the fluorescent secondary antibodies were Alexa Fluor antibodies from Invitrogen and were added at a final concentration of 1:1,000 for determination of RAD51, RPA, and 53BP1 foci formation after NCS treatment. In the LacO array colocalization experiments, secondary fluorescent antibodies were added at a final concentration of 1:250 for 1 h. DAPI (Sigma-Aldrich; D9542) was added at 0.3 mM final concentration for 2 min, and coverslips were mounted using ProLong Gold Antifade Mountant (Thermo Fisher Scientific; P36934).

###### List of antibodies used

  Antibody                           Reference                              Working dilution
  ---------------------------------- -------------------------------------- -----------------------------------
  Mouse anti-γH2AX                   Abcam (ab22551)                        Western blot and IF (1:1,000)
  Rabbit anti-GANP                   Abcam (113295)                         Western blot 1:500
  Rabbit anti 53BP1                  Novus Biologicals (NB100-304)          IF (1:1,000)
  Rabbit anti-Phospho RPA32 (S4/8)   Bethyl (A300-245A)                     IF (1:500)
  Rabbit anti-Phospho RPA 32 (S33)   Bethyl (A300-246A)                     IF (1:1,000)
  Rabbit anti-RAD51                  EMD Millipore (PC130)                  IF (1:500) Western blot (1:1,000)
  Mouse anti-ATM pS1981              Rockland (200-301-400)                 Western blot (1:2,000)
  Rabbit anti-ENY2                   Santa Cruz Biotechnology (sc-87712)    Western blot (1:200)
  Mouse anti-γTUBULIN                Sigma-Aldrich (T6557)                  Western blot (1:1,000)
  Rabbit anti-phospho KAP1           Bethyl (A300-767A)                     Western blot (1:500)
  Mouse anti-GAPDH                   EMD Millipore (MAB374)                 Western blot (1:1,000)
  Rabbit anti-BRCA1                  Santa Cruz Biotechnology(C-20 SC642)   IF (1:100)
  Rabbit anti-CtIP                   Bethyl (A300-488A)                     IF (1:100)
  Rabbit anti-H2Bub1                 Cell Signaling Technology (CS55465)    Western blot (1:10,000)
  Mouse anti-H2B                     H2-2A4 ([@bib7])                       Western blot (1:10,000)
  Mouse anti-TBP                     3G3 ([@bib9])                          Western blot (1:1,000)
  Mouse anti-αTUBULIN                Sigma-Aldrich (T9026)                  Western blot (1:1,000)
  Mouse anti-γH2AX                   EMD Millipore (05-636)                 ChIP (2 µg/50 µg of chromatin)
  Mouse anti-H2Bub1                  Medimab                                ChIP (4 µg/50 µg of chromatin)
  Mouse anti-RPA                     Genetex (GTX22175)                     IF (1:500)

IF, immunofluorescence.

Microscopy and image acquisition {#s16}
--------------------------------

Representative images of LacO-array colocalization with repair factors and of RAD51, RPA, and 53BP1 foci after NCS treatment were acquired with the Leica Microsystems TCS SP5 inverted confocal microscope equipped with a 458/476/488/496/514-nm argon laser, a 561-nm diode-pumped solid-state laser, a 594-nm HeNe laser, a 633-nm HeNe laser, and a 405-nm laser diode. Cells were visualized using the objective HCX Plan Apochromat 63×/1.40--0.60 oil Lbd Bl with 63× magnification (NA 1.4), and images were taken using the hybrid detector photocounting mode. Images were acquired with LAS AF acquisition software (Leica Microsystems). Secondary fluorescent antibodies were goat anti-rabbit or goat anti-mouse Alexa Fluor 488 or 568 from Invitrogen. For colocalization analyses of DNA repair factors with the LacO array, colocalization was counted at the fluorescence microscope Leica Microsystems DM 4000 B in *n* ≥ 50 cells per condition.

Cellular extracts and Western blotting {#s17}
--------------------------------------

Total protein lysate was obtained by adding cold radioimmunoprecipitation assay (RIPA) buffer (Cold Spring Harbor Protocols) on the cell pellet. Histone proteins extract was obtained by adding acidic buffer (10 mM Hepes, pH 7.9, 1.5 mM MgCl~2~, 10 mM KCl, 0.5 mM DTT. and 0.2 M HCl) on cell pellet. 1× Proteinase Inhibitor Cocktail (cOmplete Mini EDTA free, Proteinase Inhibitor Cocktail; 11836170001; Roche), Phosphatase Inhibitor Cocktail (PhosSTOP; PHOSS-RO; Roche), and 10 mM *N*-ethylmaleimide (NEM E3876; Sigma-Aldrich) were added in all buffers. Samples were run on 4--20% Precast gels (Mini-Protean TGX Stain-Free Protein Gels; Bio-Rad), and membranes were blotted with indicated antibodies. Western blots were revealed using peroxidase-conjugated secondary antibodies from Jackson ImmunoResearch Laboratories. Images were acquired using Chemidoc Touch Imaging system (Bio-Rad). Protein levels were quantified by Fiji.

Cell cycle analysis {#s18}
-------------------

For propidium iodide staining, after treatment with the indicated siRNAs, U2OS cells were fixed in 70% EtOH overnight at −20°C, treated with RNase A (100 µg/ml), and stained with propidium iodide (40 µg/ml). For S-phase analysis, after treatment with the indicated siRNAs, HeLa cells were collected and stained with EdU using the Click-It kit (C10632; Thermo Fisher Scientific) following the manufacturer's instructions. In both cases, the acquisition was performed on a FACSCalibur (BD). Results were analyzed using FlowJo software. For propidium iodide staining, the cell cycle phases were assigned manually.

Comet assay {#s19}
-----------

For the comet assay, HeLa cells were treated with siRNAs for 48 h before collection. Neutral COMET assay was performed using CometAssay Kit Trevigen (4205-050-K) following manufacturer's instructions. Cells were analyzed using OpenCOMET plugin on ImageJ.

High-throughput screening {#s20}
-------------------------

Cells were treated with specific siRNA in 96-well plates in three technical replicates (XRCC4 and SET siRNAs were used as positive controls). After 72 h, cells were treated with 50 ng/ml NCS for 15 min. Medium was refreshed and cells were allowed to repair for 2, 8, and 16 h. Cells were fixed and stained with DAPI-, γH2AX-, and 53BP1-specific antibodies. Image acquisition was done using Cell Insight and a 20× objective. γH2AX intensity and 53BP1 foci number were analyzed with HCS studio. For γH2AX intensity distribution among inner nuclear environment and nuclear periphery, a mask of 2.5 µm (6 pixels) on the DAPI staining was applied to define the nuclear periphery. For each cell, the intensity of the γH2AX signal in the periphery and in the whole nucleus was measured. The peripheral signal per each cell is represented by the ratio between the two values. The inner signal per each cell is represented by the ratio between the inner signal and the total signal.

RNA extracts and qPCR {#s21}
---------------------

RNA was extracted using NucleoSpin RNA Kit (Macherey-Nagel), and cDNA was obtained with Superscript II Reverse transcription (Invitrogen) following manufacturer's instructions. qPCR was performed using LightCycler 480 SYBR Green I Master (Roche) following manufacturer's instructions. For primer sequence, see [Table 3](#tbl3){ref-type="table"}. All the primers were purchased from Sigma-Aldrich.

###### List of primers used

  Primer name             Sequence (5′--3′)
  ----------------------- ----------------------------
  GANP_fw                 `CACGAGCCAGCAGCAGAAGTTC`
  GANP_rev                `CATCCTGTATCGTCCGACCA`
  ENY2_fw                 `GGAGAAAGAGAACGCCTCAAA`
  ENY2_rev                `AGTGATTTCAGCCACCAAGTCA`
  ATXN7L3_fw              `CTGGGAATGGGTCGGAACAG`
  ATXN7L3_rev             `CCGAGCCATAGGACCAGTCG`
  GAPDH_fw                `TCGACAGTCAGCCGCATCTTCTTT`
  GAPDH_rev               `ACCAAATCCGTTGACTCCGACCTT`
  BRCA1_fw                `CTGAAGACTGCTCAGGGCTATC`
  BRCA1_rev               `AGGGTAGCTGTTAGAAGGCTGG`
  RPA_fw                  `GAGCACCTATCAGCAATCCAGG`
  RPA_rev                 `CCTTCAGGTCTTGGACAAGCCT`
  53BP1_fw                `AAGCCAGGCAAGAGAATGAGGC`
  53BP1_rev               `GGCTGTTGACTCTGCCTGATTG`
  ATM_fw                  `TGTTCCAGGACACGAAGGGAGA`
  ATM_rev                 `CAGGGTTCTCAGCACTATGGGGA`
  CtIP_fw                 `TGGCAGACAGTTTCTCCCAAGC`
  CtIP_rev                `GGCTCCACAAACGCTTTCTGGCT`
  ChIP primer DSB1_fw     `GGAGAAGTGGCAGGACAATG`
  ChIP primer DSB1_rev    `CAAGGCAAATTTGGGGACTA`
  ChIP primer DSBIV_fw    `GAGGAACCATTCGGACAAGA`
  ChIP primer DSBIV_rev   `CTGACCAAGGAAGCCTCAAG`
  ChIP primer DSBII_fw    `GGGTATGGAGCTGCCTCTAA`
  ChIP primer DSBII_rev   `GACAAAGATGGCTGGAGGAG`

ChIP followed by qPCR in U2OS DIvA {#s22}
----------------------------------

Cells were treated with specific siRNAs for 72 h, and then 4-OH tamoxifen was added at a final concentration of 300 nM for 4 h. Cells were cross-linked with formaldehyde 4% for 10 min. Chromatin was sonicated using sonication buffer (0.1% SDS, 10 mM EDTA, and 50 mM Tris-HCl) in the Covaris E220 for 7 min per samples. Approximately 80 µg chromatin was used for IP with the specific antibody and for the no-antibody control using protein G Sepharose beads (Sigma-Aldrich). IP was performed overnight at 4°C, and the beads were added next morning at a 1:10 dilution for 2 h. For specific antibodies, see [Table 2](#tbl2){ref-type="table"}. Washing steps were performed with wash buffer (0.1% SDS, 0.5% NP-40, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCl, pH 8), final wash buffer (0.1% SDS, 0.5% NP-40, 2 mM EDTA, 500 mM NaCl, and 20 mM Tris-HCl, pH 8), and LiCl buffer (50 mM Tris-HCl, pH 8, 2 mM EDTA, 0.1% NP-40, and 10% glycerol). Protease inhibitors (cOmplete Mini EDTA-free Protease Inhibitor Cocktail; Sigma-Aldrich) were added in all buffers. Elution was obtained with elution buffer (1% SDS and 0.1 M NaHCO~3~) at 65°C for 5 min. DNA was purified with phenol:chloroform:isoamyl alcohol 25:24:1 (Sigma-Aldrich). qPCR was performed with LightCycler 480 SYBR Green I Master (Roche) in two technical replicates. For primer sequences, see [Table 3](#tbl3){ref-type="table"}.

Statistical analyses {#s23}
--------------------

All statistical analyses were performed with GraphPad Prism. For all survival assays, the Mann--Whitney *t* test (unpaired nonparametric test) was used to identify statistical significance among the different concentrations and siRNAs. The confidence interval was set at 95% (definition of statistical significance: P \< 0.05). For cell cycle analyses, multiple *t* test was used correcting for multiple comparisons using the Holm--Sidak method. The confidence interval was set at 95% (definition of statistical significance: P \< 0.05). For colocalization of the LacO with repair factors and for statistical analysis of RAD51 recruitment after NCS treatment ([Fig. 3](#fig3){ref-type="fig"}), statistical significance between siNTarg and siGANP at 14 h dox was calculated using the unpaired *t* test (definition of statistical significance: P \< 0.05). To compare more than two groups (colocalization of LacO with RAD51 in the double KD \[[Fig. 5, E and F](#fig5){ref-type="fig"}\] and DR-GFP assays), the one-way ANOVA test was used to compare the three groups. Multiple comparisons were done using Dunnett's correction, and all samples were compared with the control siRNA (siNTarg or siCtrl). Quantification of H2Bub1 Western blot depicted in graphs (Fig. S3, D and H) was analyzed with unpaired *t* test comparing separately each siRNA with the control (siNTarg). Number of experiments and error bars in graphic representation of pooled data are described in all figure legends.

Online supplemental material {#s24}
----------------------------

Fig. S1 shows an additional high-throughput screening in RPE1 cells (A), clonogenic survival assay with NCS (B), the distribution of intensity for γH2AX in the nucleus upon GANP KD and control cells after NCS treatment (C and D), and the effects of GANP KD on cell cycle and on RAD51 protein levels (E--G). Fig. S2 shows representative images and graphs for the colocalization of specific HR factors with the LacO array after DSB induction (A--G) and formation of RPA (H), RAD51 (I), and 53BP1 (L) foci after NCS treatment in GANP-depleted cells. It shows also DR-GFP assay with different siRNAs for GANP and ENY2 (M). Fig. S3 shows the effects of ENY2 KD on cell cycle progression (A), γH2AX resolution after NCS treatment (B), and phleomycin sensitivity (C). It also shows quantitative graphs for H2Bub1 levels in control cells and cells depleted of GANP and ENY2 in the absence (D and H) and presence (F and G) of DNA damage. Fig. S4 shows efficiency of double KD (A and B), rescue of sensitivity to HR-inducing drugs in double KD (C and D), the effects of ENY2 and GANP KD on the levels of key repair genes (E and F), and efficient induction of breaks with 4-OH tamoxifen in DIvA cells (G).
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